The capsid proteins of two flaviviruses, yellow fever virus and dengue virus, were expressed in Escherichia coli and purified to near homogeneity suitable for biochemical characterization and structure determination by nuclear magnetic resonance. The oligomeric properties of the capsid protein in solution were investigated. In the absence of nucleic acid, both proteins were predominately dimeric in solution. Further analysis of both proteins with far-UV circular dichroism spectroscopy indicated that they were largely alpha-helical. The secondary structure elements of the dengue virus capsid were determined by chemical shift indexing of the sequence-specific backbone resonance assignments. The dengue virus capsid protein devoid of its C-terminal signal sequence was found to be composed of four alpha helices. The longest alpha helix, 20 residues, is located at the C terminus and has an amphipathic character. In contrast, the N terminus was found to be unstructured and could be removed without disrupting the structural integrity of the protein.
The Flaviviridae family of enveloped RNA viruses causes significant disease in both humans and agriculturally important animals. Flavivirus, the largest of the three genera of Flaviviridae, comprises over 70 viruses, mostly arthropod transmitted, including yellow fever virus (YF), dengue virus (DEN), West Nile virus, and tick-borne encephalitis virus (TBE) (15) . The mature flavivirus particle is spherical with a diameter of 50 nm and contains multiple copies of three different structural proteins (C, M, and E), a host-derived membrane bilayer, and a single copy of a positive-sense RNA genome of approximately 11,000 nucleotides. The RNA genome is translated from a single open reading frame generating a polyprotein that is processed by viral and host proteases to yield the three structural proteins located at the N terminus followed by at least seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (23) . The nonstructural proteins associate to form the viral replicase complex, for which several enzymatic functions have been identified, including protease, helicase, methyltransferase, and RNA-dependent RNA polymerase (15) . The replicase complex is associated with intracellular membranes of the infected host and induces discrete membrane structures (16) . Recent evidence suggests that the process of particle assembly may be coupled to genome replication (6, 12) . This coupling of replication and virus assembly has made analysis of flavivirus assembly difficult, and thus, little is known about this important aspect of the virus life cycle.
The structure of DEN, recently determined by cryoelectron microscopy (cryo-EM) and three-dimensional image reconstruction, has elucidated the molecular organization of the end product of the flavivirus assembly pathway (11) . The organization of the E protein within the DEN particle was determined by modeling the atomic resolution structure of TBE E protein (22) into the outer density of the cryo-EM reconstruction. The model consists of a herringbone arrangement of E proteins, with three E protein monomers in the asymmetric unit of the virus, but lacking the anticipated Tϭ3 icosahedral symmetry. The M protein is thought to reside just below E with both M and E being associated with the host-derived lipid bilayer. Internal to the lipid bilayer is the nucleocapsid core (NC) of the virus, consisting of multiple copies of capsid (C) protein that surround a single copy of the viral RNA genome. The density observed for the NC is roughly half of that observed for the outer density and suggests disorder or movement of the NC within the virus particle. The location of the NC within the virus particle indicates that the C protein directly contacts the genome RNA.
A common phenomenon during flavivirus infection is the production and release into the extracellular medium of viruslike particles (VLPs) (24) . NC is not present in VLPs, rendering them noninfectious. VLPs have also been produced in several heterologous expression systems in which only prM and E are present (1, 4, 9, 20, 21) . Thus, the ability of E, in the presence of prM, to form a closed spherical protein shell is an intrinsic property of these two proteins and is independent of NC formation. However, the production of infectious particles requires the formation of NC, suggesting that an early stage of virus assembly involves the interaction of C protein with the genome RNA (7). The NC presumably then interacts with prM and/or E, resulting in the formation of a virus particle upon concomitant budding into the lumen of the endoplasmic reticulum (15) . Unfortunately, details concerning the interactions of C protein with either the RNA genome or prM and E are not discernible in the cryo-EM reconstruction of DEN. Given the role of C in promoting encapsidation of the viral RNA and subsequent assembly of infectious virus particles, it is important to understand the structural and biophysical properties of the C protein that allow it to function in the flavivirus life cycle.
Cloning, expression, and purification of DEN2C and YFC. C protein has been suggested previously to be a rather flexible molecule and predicted to be largely alpha-helical in structure (8) . As a first step toward understanding the structural and biophysical properties of the C protein, we sought to express and purify the C proteins from two distantly related flaviviruses, DEN and YF. The full-length C protein includes a carboxy-terminal hydrophobic sequence (15 residues in DEN and 20 residues in YF) that serves as a signal sequence during viral polyprotein synthesis and as a membrane anchor following signalase cleavage in the lumen of the endoplasmic reticulum. A proteolytic cleavage event by the viral protease NS2B-3 on the cytoplasmic side of the C protein (DEN2C R100 and YFC R101) results in the mature form of C found in the virus. To minimize any potential solubility problems associated with expressing full-length C protein, the carboxy-terminal hydrophobic signal sequence was excluded from the DEN2C and YFC expression constructs. Therefore, the cDNAs encoding the mature forms of DEN2C (PR-159S1 strain of DEN2 [DEN type 2] from the plasmid pC2 [5] ) and YFC (YF strain 17D from the plasmid pYF5Ј3Ј [23] ) were cloned into the pET30a (Novagen, Madison, Wis.) expression plasmid for protein expression in Escherichia coli. C protein expression was performed with the E. coli strain BL21(DE3) [RIL] "codon-plus" (Stratagene, La Jolla, Calif.) due to the presence of several rare arginine codons in both the DEN2C and YFC coding sequences.
The optimal conditions for bacterial expression of DEN2C and YFC were determined by varying time, temperature, cell density, and the concentration of isopropyl-␤-D-thiogalactopyranoside (IPTG) used for induction. Optical induction of DEN2C and YFC protein expression required the addition of IPTG to a final concentration of 1 mM to cells at an optical density at 600 nm (OD 600 ) of 1.0. Incubation temperature during induction was found to have a significant effect on protein expression. Whereas DEN2C was found to be expressed optimally at 30°C (Fig. 1A, left panel) , YFC was expressed optimally at 25°C (Fig. 1B, left panel) with little or no expression at higher temperatures (data not shown).
The highly basic nature of the C protein facilitated the development of a rather simple purification scheme. Soluble protein extracts containing C protein were first subjected to ammonium sulfate fractionation, followed by cation-exchange chromatography, yielding highly enriched, nearly homogenous preparations of C protein (Ͼ90% by Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]). Following cation exchange, C protein was subjected to size-exclusion chromatography, resulting in protein that was greater than 95% pure, as determined by silver stain SDS-PAGE. Preparations of DEN2C and YFC had less than 1% (wt/wt) nucleic acid contamination, based on the ratio of OD 260 to OD 280 . Size-exclusion chromatography could not be used to estimate the molecular mass of C due to significant nonspecific interactions with the column matrix. However, excellent resolution from larger contaminating proteins was achieved as a result of the long retention time of the C protein on the Superose 6 column matrix. The final yield of purified DEN2C and YFC was approximately 3 to 5 mg and 1 to 2 mg from 1 liter of induced E. coli cells in Luria-Bertani medium, respectively ( Fig. 1, right panels) .
During the initial attempts to purify DEN2C and YFC, it was observed that the addition of protease inhibitor was necessary to prevent C protein degradation. Purification of C protein in the absence of protease inhibitor resulted in the presence of multiple smaller C-protein-specific protein species. Amino-terminal sequencing of these smaller bands revealed that they were the result of N-terminal truncations. The introduction of a general protease inhibitor cocktail during the course of protein purification eliminated the appearance of N-terminally truncated forms of C protein, suggesting that the N-terminal truncations were the result of proteolysis during purification. The susceptibility of the N terminus to proteolysis suggested that the N terminus of the flavivirus C protein might be flexible or structurally disordered. Thus, N-and C-terminal truncations of DEN2C were constructed and assayed for expression in bacteria. Truncated constructs of DEN2C included N-terminal truncations of either the first 13 (DEN2C⌬1-13) or 20 (DEN2C⌬1-20) residues or C-terminal truncations that removed either the last 10 (DEN2C⌬90-100) or 20 (DEN2C⌬80-100) residues. Interestingly, only DEN2C⌬1-13 was found to be expressed in E. coli (data not shown). The conditions for optimal expression of DEN2C⌬1-13 were found to be identical to those for DEN2C. DEN2C⌬1-13 was purified by the same procedure as that for DEN2C, although the yield of purified protein was less (2 to 3 mg of purified protein from 1 liter of induced E. coli cells in Luria-Bertani medium), and this was the result of lower levels of DEN2C⌬1-13 bacterial expression (data not shown).
Analysis of the solution oligomeric state of the C protein. As a first step in understanding the oligomeric properties of the C protein, the solution oligomeric state of the protein was determined in the absence of other viral components by chemical cross-linking, analytical ultracentrifugation, and nuclear magnetic resonance (NMR). Treatment of either DEN2C or YFC with the lysine-specific cross-linking reagent disuccinimidyl Figure 3 shows representative data from both equilibrium (Fig. 3A and B) and velocity (Fig. 3C ) sedimentation analysis of DEN2C and YFC. The plots in Fig. 3A and B show the change in concentration as a function of radial position at two of the different speeds used for DEN2C (Fig. 3A) and YFC (Fig. 3B) . The distribution of molecules with a given sedimentation coefficient resulting from velocity sedimentation analysis of DEN2C and YFC is shown in Fig. 3C . Initial sedimentation velocity analysis of YFC was done by using a variation of YFC (YFCN) that included an N-terminal polyhistidine tag followed by approximately 5 kDa of protein sequence resulting from the multiple cloning site within the pET30a expression plasmid. The majority of DEN2C (solid line) and YFCN (dotted line) traveled as a single species, with sedimentation coefficients consistent with a dimeric protein species in either case. In addition, small amounts of additional oligomeric species were also detected. These additional oligomeric species were readily apparent in the velocity sedimentation profile of YFCN (dotted line in Fig.  3C ). The results from equilibrium sedimentation analysis of DEN2C and YFC were also consistent with additional oligomeric species. Taken together, these results indicated that, at moderate protein concentrations (0.2 to 5 mg/ml), the major oligomeric state of both DEN2C and YFC is a dimer in solution (Table 1 ). In addition, a less significant percentage of both proteins exists in higher oligomeric states. The identities of the higher oligomer species for both DEN2C and YFC are currently under investigation. The oligomeric state of DEN2C in solution was also examined by using an NMR relaxation measurement. The molecular rotational correlation time was obtained from a trimmed average ratio of the backbone 15 N longitudinal (R 1 ) and transverse (R 2 ) relaxation rates at 27°C. The estimated correlation time of DEN2C is 13 ns, assuming isotropic rotational diffusion. This value is approximately twice the expected value for an 11.8-kDa protein (2) in solution at 27°C, suggesting a predominantly dimeric state of DEN2C.
Attempts were made to establish an in vitro assembly system that could be used to study the effects of nucleic acid addition on the oligomeric state of the C protein. Development of an assembly system would be a useful tool to probe NC formation, as similar systems have been successfully developed to study the in vitro assembly of alphavirus and hepatitis C virus capsid proteins into core-like particles (13, 27) . Attempts to establish such a system with either DEN2C or YFC proved unsuccessful, as formation of NC could not be detected by a variety of methods including negative-stain electron microscopy, sucrose gradient sedimentation, and agarose gel assay (data not shown). However, unlike alphaviruses, the flavivirus NC does not form in the cytoplasm of infected cells (see reference 18 for possible exceptions), and therefore, preformed flavivirus NCs may not readily form or may only transiently exist as part of the virus assembly pathway.
Secondary structure analysis of the flavivirus C protein. The flavivirus C protein is the least conserved protein of all the flavivirus proteins, with less than 40% sequence identity between most genus members (Table 2 ). DEN2C and YFC share the least sequence identity between sequenced mosquitoborne flaviviruses (ϳ22%), while YFC shares closer sequence identity to the C proteins of tick-borne flaviviruses. Comparison of the secondary structure predictions of DEN2C and YFC, with the PredictProtein server (http://www.embl-heidelberg.de/predictprotein/predictprotein.html), indicates that they are both predominately alpha-helical. Moreover, the secondary structure elements that are predicted to exist for DEN2C and YFC are very similar in both their extent and position within their respective primary amino acid sequences (Fig. 4A) , with the exception of a short N-terminal alpha helix in DEN2C that is not predicted for YFC. Not surprisingly, the secondary structure elements of YFC are very similar to those for TBE, which is also predicted to have only three helices (data not shown).
The alpha-helical nature of the C protein was confirmed experimentally by far-UV circular dichroism (CD). The far-UV CD spectra of both YFC and DEN2C demonstrated characteristics of alpha-helical proteins with local minima at 222 and 208 and a maximum at 190 nm (data not shown). In addition, the far-UV CD spectra for DEN2C⌬1-13 was essentially identical to that for DEN2C, indicating that removal of the first 13 residues did not significantly perturb the secondary structure of DEN2C (data not shown). This observation is consistent with the secondary structure prediction of DEN2C.
Chemical shift indexing and secondary structure assignment. The 1 H, 13 C, and 15 N chemical shifts of DEN2C were assigned by using a standard set of two-and three-dimensional heteronuclear NMR experiments (to be described elsewhere) as a first step toward determining the three-dimensional solution structure of DEN2C by NMR. Data were processed with the software NMRPipe (3) and analyzed with the programs ANSIG (10) and SPARKY (5) . The differences between the observed 1 H ␣ , 13 C ␣ , 13 CЈ, and 13 C ␤ chemical shifts and the sequence-corrected random-coil values (25) were used in the secondary structure analysis. Chemical shift differences for 13 Fig. 4A ]. The secondary structure of DEN2C is composed of four alpha helices. The most Nterminal helix (helix I, amino acids 26 to 31) is followed by a 14-residue loop and a second helix (helix II, amino acids 45 to 55). Helix II contains the start of an internal hydrophobic region that has been previously implicated in membrane association (underlined residues of DEN2C sequence in Fig. 4B ). Following helix II is a loop region (amino acids 56 to 62) that is followed by helix III (amino acids 63 to 69) and then a fourth short loop region (amino acids 70 to 73). The longest helix in DEN2C (helix IV) occurs at the C terminus of the protein (amino acids 74 to 96). The N terminus of DEN2C (amino acids 1 to 21) does not appear to possess secondary structure. NMR spectroscopy analysis of DEN2C by HSQC. The presence of tertiary structure was evaluated from the 15 N heteronuclear spin quantum coherence (HSQC) spectrum of singly labeled DEN2C (Fig. 5A) . The pattern of well-dispersed peaks in an HSQC spectrum is a "fingerprint" of the folded protein in solution. The majority of peaks show good chemical shift dispersion, indicating a well-defined fold. However, ϳ20% of the chemical shifts approximate random-coil values and possess significantly higher than average signal intensity, indicating an unstructured region of the protein (boxed region in Fig.  5A and left box in Fig. 5B ).
To examine whether any of the peaks within this randomcoil region of the HSQC spectrum of DEN2C corresponded to residues within its N terminus, 15 N DEN2C⌬1-13 was prepared and analyzed by HSQC. Most of the HSQC peaks for DEN2C⌬1-13 were identical to those for DEN2C, indicating that removal of the first 13 residues did not alter the overall fold of the protein. However, the differences that were observed between the two HSQC spectra occurred in the random-coil region of the DEN2C⌬1-13 HSQC spectrum (Fig.  5B) . Subsequent complete residue assignment of DEN2C (to be described elsewhere) has confirmed that the high-intensity peaks absent in the DEN2C⌬1-13 HSQC spectrum correspond to the truncated N-terminal residues. Structure and function of the flavivirus capsid protein. The N terminus of DEN2C is the least structured region of the protein, and at least the first 13 amino acid residues of the protein are dispensable for the overall fold of the protein. Secondary structure prediction of flavivirus C proteins for which sequence information is available indicates that the N terminus of flavivirus C proteins does not possess regular secondary structure (data not shown). Excluding the possibility of structured loop regions, the absence of any predicted regular secondary structure within the N terminus of flavivirus C proteins may be an indication that the N terminus of the C protein is unstructured (as reported here for DEN) and may be a common feature of flavivirus C proteins. The unstructured N terminus of the C protein may play a role in RNA binding, possibly becoming structured upon interaction with RNA.
The alphaviruses are arthropod-borne viruses and occupy an ecological niche very similar to that of the flaviviruses (26) . Interestingly, and quite surprisingly, the flavivirus E protein and the alphavirus E1 protein, one of the two major glycoproteins that make up the outer protein shell of the alphavirus, share remarkable structural similarity, despite less than 20% amino acid sequence identity (14) . Moreover, both proteins are responsible for the fusogenic activity of the respective viruses. Recently, Kofler et al. speculated that the N-terminal domain of the C protein from alphaviruses may be structurally and functionally homologous to flavivirus C protein (8) . Although there are some functional similarities in the C proteins of these two different virus groups, our results indicate that there are fundamental differences between the flavivirus and alphavirus C proteins.
The N-terminal domain of the alphavirus C protein is similar to the flavivirus C protein in that they are approximately the same size (100 residues) and both contain a large percentage of basic residues, indicative of the role that both C proteins play in binding the viral RNA. In addition, both C proteins possess an internal sequence of hydrophobic residues surrounded by charged residues. However, the role of this sequence appears to be quite different. In alphaviruses, this sequence (amino acids 38 to 55 in Sindbis virus) is predicted to form a coiled-coil interaction with adjacent alphavirus C proteins, providing stability to the alphavirus NC (19) . Certain point mutations and small deletions within this region of the alphavirus C protein decrease core stability and virus replication (19) . Since the alphavirus C protein is a monomer in the absence of nucleic acid (27) , the coiled-coil interaction of the alphavirus C protein appears only to stabilize a nucleic acid-dependent dimerization (28) . By contrast, the internal hydrophobic sequence of the flavivirus C protein is not predicted to form coiled-coil interactions, and our studies show that the dimerization of flavivirus C protein is independent of nucleic acid being present. The internal hydrophobic sequence of flavivirus C has, instead, been implicated in tethering C protein to membranes (17) . This tethering is thought to play a role in localizing the flavivirus C protein to sites of virus assembly on intracellular membranes. It is possible that the internal hydrophobic sequence, the nature of which is conserved in flavivirus C proteins, may have a role in flavivirus C protein dimerization. However, in the case of TBE, most of the internal hydrophobic sequence is apparently not required for the function of C protein (8) .
The recruitment of genome RNA and flavivirus C proteins and their formation into an NC are not understood. However, the interaction between C proteins and RNA appears to be critical for the production of authentic virus particles, for in the absence of C protein, small Tϭ1 VLPs lacking RNA are produced (24) . It is anticipated that at some step in assembly the C protein would also interact with the viral transmembrane proteins to promote the formation and incorporation of the NC with the budding particle. Following release of the C protein from its signal sequence membrane anchor, the formation of a protein dimer may be the first step required to facilitate these interactions. The dimeric nature of the C protein may play a role in other aspects of the virus life cycle. Several groups have observed the C protein in the nucleus of infected cells, and at least one group has implicated the C protein in apoptotic pathways (29, 31) . Dissecting the function of the oligomeric state of the C protein may provide interesting insights into these various aspects of the flavivirus life cycle. 
